MitoNEET is a recently identified drug target for a commonly prescribed diabetes drug, Pioglitazone. It belongs to a previously uncharacterized ancient family of proteins for which the hallmark is the presence of a unique 39 amino acid CDGSH domain. In order to characterize the folding landscape of this novel fold, we performed thermodynamic simulations on MitoNEET using a structurebased model. Additionally, we implement a method of contact map clustering to partition out alternate pathways in folding. This cluster analysis reveals a detour late in folding and enables us to carefully examine the folding mechanism of each pathway rather than the macroscopic average. We observe that tightness in a region distal to the iron-sulfur cluster creates a constraint in folding and additionally appears to mediate communication in folding between the two domains of the protein. We demonstrate that by making changes at this site we are able to tweak the order of folding events in the cluster binding domain as well as decrease the barrier to folding.
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protein folding | Thiazolidinedione | CISD1 | aging | multiple routes M itoNEET is a recently identified outer mitochondrial membrane protein that unexpectedly binds the commonly prescribed type II diabetes drug Pioglitazone (1) (2) (3) . It is now recognized as a new drug target in diabetes therapy as opposed to the traditional PPARg therapeutics (4) . Mis-splicing of Miner1, the structural homolog of mitoNEET, results in the rare disease Wolfram syndrome that initially presents with diabetes and rapidly progresses to blindness and early death (5) . In addition, Miner1 appears to play a significant role in aging and associated diseases. MitoNEET and Miner1 possess a unique homodimeric fold with a CDGSH iron-sulfur cluster binding domain and a strand swapped beta cap (3, (6) (7) (8) (9) (10) . Because regulating the activity of this new drug target is an area of high interest, investigation of the folding and possible allosteric modulation of function in this family is now a major research focus.
Energy landscape theory indicates that proteins have evolved to fold in a funneled fashion with minimal frustration (11) (12) (13) . Because energetic frustration is sufficiently small, much of the heterogeneity in folding is dominated by the geometric constraints of the native structure. As a result, structure-based models are capable of capturing the main features of the transition state and intermediates formed during folding for many proteins (14) (15) (16) (17) (18) (19) . In addition, our analysis of the bottlenecks in folding have led to a deeper understanding of regulatory mechanisms operating in specific proteins. This led us to the hypothesis that functional regions in proteins may add roughness to the landscape because they are under separate evolutionary pressure than areas used for efficient folding. For example, structure-based simulations with adenylate kinase demonstrated that the introduction of frustration induced conformational transitions associated with enzymatic catalyisis through specific unfolding, or cracking (20, 21) . Folding simulations with Csk and IL-1β successfully captured long range communication to functional sites (22, 23) . Therefore folding studies provide a unique approach to explore the functional landscape of biomolecules.
As a first step toward defining not only the folding but also potential points of regulation in the NEET family, we initiated theoretical structure-based folding studies. A common approach to analyzing large quantities of data from structure-based simulations is to examine macroscopic averages at a point along a reaction coordinate, such as Q. However, many proteins can access multiple routes to folding (24) (25) (26) (27) (28) . In these systems, this approach can become problematic because averaging over multiple pathways can obscure the actual folding events in each route. In these cases it is useful to examine reaction coordinates transverse to Q, but because the folding funnel is highly multidimensional, it is difficult to know which reaction coordinates to examine. We implement a scheme to investigate the dimeric transition state in structure-based models by clustering contact maps. Clustering provides us with an efficient way of compacting and visualizing this high-dimensional space in two dimensions, enabling us to efficiently sort data and identify alternate folding routes that make up this ensemble. It also proves especially effective for handling averaging over duplicate pathways that result from symmetry in multimeric systems. We show that in mitoNEET, the average transition state ensemble is misleading when compared with the transition state ensemble after clustering. Additionally, clustering reveals the presence of a detour late in folding.
Clustering enables us to carefully examine the folding mechanism of mitoNEET. We observe that a helical turn in the top of the beta cap domain introduces frustration in folding. Additionally, we see communication between the beta cap domain and the cluster binding domain. Rigidity in the beta cap domain creates a constraint for how the rest of the protein folds, and this results in backtracking in loop 1 in the cluster binding domain. We demonstrate that we can modulate the behavior of the cluster binding domain by making changes at the top of the beta cap domain. By destabilizing a set of contacts in loop 2 at the top of the beta cap domain, we can relieve backtracking in the cluster binding domain. Additionally, this drops the barrier to folding, suggesting that this structural feature introduces frustration in folding.
Results
Structure of MitoNEET and Nomenclature. MitoNEET is a homodimeric Fe-S protein with a novel fold (6, 8, 9) . Each protomer consists of three β-strands (β1, β2, and β3), an alpha helix (α1), and four loops (L1, L2, L3, and L4). Moving from the N to C terminus they are ordered L1, β1, L2, β2, L3, α1, L4, β3. Together the two protomers intertwine to form two domains, a beta cap domain and a cluster binding domain (Fig. 1) . The cluster binding domain coordinates two redox active 2Fe-2S cluster (3, 29, 30) . Each of the two cluster cradles is formed from loop 3 and helix 1 of a This article is a PNAS Direct Submission.
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single protomer. The coordination is unusual in that each of the clusters are coordinated by three cysteines and one histidine. The beta cap domain consists of two beta sheets. Each beta sheet is composed of β2 and β3 from one protomer and β1′ from the other protomer, arranged in the order β1′ β3 β2. This strand swap of β1′ intertwines the two protomers and creates a helical turn across the top of the beta cap domain in loop 2 ( Fig. 1) . In an effort to understand the functional implications of the strand swap we now explore the mechanism of assembly of this protein.
Mechanism of Assembly-Coupled Folding and Dimerization. Structure-based models have proven to be informative in the mechanism of assembly of a number of proteins (17, 31, 32) . For example, we explain the rop dimer switch between syn and anti structures as a dual basin landscape that corresponds to distinct but related structures (33, 34) . The unusual strand swap in mitoNEET creates a large interface surface between the two protomers. This led us to ask: Does the strand swap introduce constraints into the mechanism of assembly? In order to determine the mechanism of assembly of mitoNEET, we performed molecular dynamics simulations using a structure-based model. The free energy surface of assembly for the mitoNEET dimer is projected onto three reaction coordinates; two corresponding to the folding of each protomer, and the third corresponding to protomer association ( Fig. 2A) . Q A represents the number of contacts formed in monomer A, Q A 0 represents contact formation in monomer A 0 , and Q I represents the number of interface contacts formed. Moving along the reaction coordinate Q A (or Q A 0 ) we see that when Q I is low, only a subset of Q A or Q A 0 contacts can be formed. It is only when a significant number of interface contacts are formed that an increase in the number of monomer contacts can be seen. The dimerization transition is broad, suggesting that there may be more than one population of structures in the transition state. It may be that multiple pathways to dimerization are present but are unable to be resolved using this particular set of reaction coordinates. This will be investigated in the next section. Analysis of the free energy barrier to folding (Fig. 2B) indicates that folding and dimerization are highly cooperative with no obvious populated intermediates. Taken together this initial analysis suggests that the folding and assembly of mitoNEET is coupled and dimerization is obligatory. That is, the formation of individual protomers A and A 0 is only allowed upon binding. In addition, the 8 kt barrier is high for a protein of this size and suggests that traps along folding routes exist.
Clustering Uncovers The Folding Route. The presence of traps during folding and assembly was investigated by performing a detailed analysis of the transition state ensemble. The probability of specific native contact formation in the transition state (Q ¼ 0.4) is shown Fig. 3A . This ensemble average view suggests that the transition state is diffuse and unstructured. However, examination of individual trajectories between the folded and unfolded basins indicates that transitions appear to choose between one of two pathways, and the averaging over these two pathways is responsible for the appearance of an unstructured transition state.
An accurate description of the folding process requires efficient separation of alternative routes. To this end, we implement a method for clustering structures in the transition state by their associated contact maps (described in detail in Methods). The resulting similarity network for Q ¼ 0.4 is shown in Fig. 3B . Two distinct clusters are observed, suggesting that two different ensembles are populated in the transition state. The probability of native contact formation for these two clusters at Q ¼ 0.4 are provided in Fig. 3 C and D. In contrast to the initial contact map generated for the ensemble where the two alpha helices appeared to form together and all beta sheets appeared relatively unstructured, clustering reveals contact formation between β2′ and β3′, β1 and β3′, as well as contacts within helix α1′. In the second cluster, the same contacts are formed but in the complementary protomer (β2 and β3, β1′ and β3, and α1). In fact, at Q ¼ 0.4 only a single dominant route is present; however, the symmetry of the multimeric system creates a duplicate pathway distinguishable only through naming of the individual protomers. A structural representation of the fraction of native contact formation by residue at Q ¼ 0.4 is plotted in Fig. 4 . After clustering the transition state is composed of one sheet from the beta sandwich and one half of the cluster binding domain. Half of the protein forms by the transition state and structural elements from both protomers are involved in the nucleation step. At Q ¼ 0.6 ( Fig. 5) a third cluster appears that represents an alternate folding route.
Here residue contact formation between the two protomers is symmetric. L1 and L1′ within the cluster binding domain are disordered, while the entire beta cap domain is well formed (β2 and β3, β1′ and β3, β2′ and β3′, β1 and β3′, L2, and L2′).
Rigidity in the Beta Cap Domain Forces Backtracking in Distal Sites.
The formation of native contacts within the protein is not uniform across the molecule. We therefore partitioned and analyzed the behavior of specific subsets of contacts (Fig. 6A) within the protein as it folds to more carefully examine the order of events. We then plot the progression of these subsets of contacts (Q part ) as a function of the total number of contacts in the native fold (Q total ) (Fig. 6 B and C) . We observed that formation of contacts in a helical turn in L2, L1, and the late-forming beta sheet (β2 and β3, β1′ and β3) are interdependent. That is, contacts found in the helical turn (plotted in red) form early in the folding process, while contacts found in L1 (plotted in blue) form in a nonmonotonic manner, and those within the beta sheet (plotted in green) begin to populate after contact formation in L1 peak. These latter contacts (blue) exhibit a behavior called backtracking, a signal of frustration in folding. Backtracking is the forming, breaking, and reforming of native contacts as the protein proceeds to the folded PðQi;QcaÞ is the probability that the set of contacts involving residue i, Qi, are formed at a given Qca. PðQi;QcaÞ was calculated for each cluster and represented with a color scale on the structure of mitoNEET. White and yellow residues represent decreased residue formation, and red and black represent higher residue formation. In the transition state half the beta sandwich forms (B1, B3′, and B2′) and one half of the cluster binding domain are formed.
state. The formation of contacts in the late forming beta sheet appears to be coupled to backtracking. As L1 contacts begin to break, the formation of these contacts begins, and then plateaus just as contacts in L1 begin to form again. In the similarity network at Q ¼ 0.6 (Fig. 5) we see a third cluster appear that represents an alternate folding route present in 29% of complete folding/unfolding transitions. This detour in folding is the backtracking route. The second beta sheet comes together so that both beta sheets in the beta cap domain and the helical turns are well formed; however, in this process loop 1 twists away from the helix and cluster-binding region, breaking contacts that had formed earlier in folding.
To test if early formation of the helical part of loop 2 creates a constraint for how the second half of the protein folds, we performed a second set of simulations in which we destabilized this structural feature by removing three contacts in the helical turn and relaxing five dihedral angles. Relaxing this helical turn reduces the barrier to folding (Fig. 6D) . We looked for changes in the folding mechanism by again plotting Q part vs Q total for the same groups of contacts in this new set of simulations. Formation of Loop 1 plateaus at Q ¼ 0.45, at which point beta sheet 2 begins to form. However, the backtracking observed in WT mitoNEET is abolished. Taken together, these data indicate that stabilization of the helical turn (beta cap domain) impedes final formation of the native homodimer.
Discussion
Cluster Analysis of the Transition State. Often the approach to analysis of the transition state in molecular dynamics simulations is examination of the average transition state ensemble. Although useful for comparing to experiments, this approach can obscure the presence of multiple routes and the actual order of folding events. This is not only problematic for proteins that can access multiple pathways but also for symmetric multimeric systems. In addition, the amount of data generated for adequate sampling of transition states and intermediates during folding requires an efficient method for categorizing the multiple states sampled over hundreds of trajectories. To tackle this problem we implemented a method for clustering snapshots of populated states by scoring the similarity of associated contact maps. This method results in an efficient and robust way of visualizing and understanding complex folding landscapes. In our current study clustering revealed heterogeneity in the transition state and population of multiple routes in the folding of mitoNEET. This complexity in folding is obscured by the standard analysis. Thus, this methodology is not only superior for folding studies but also will be highly useful in characterizing local cracking and functional dynamics associated with regulation of activity in biomolecules.
Synchronization in Folding, Backtracking, and Frustration. Despite being a symmetric homodimer, folding is asymmetric with each protomer contributing to early formation of one structural half. That is, when viewing the protein with a plane bisecting the beta sandwich, this plane crosses a loop (L2) with a helical turn that creates a swapped loop (L1) and strand (β1) between the two beta sheets. This swap tethers together the two protomers within each structural half, coupling folding and dimerization. An unswapped structure would necessarily have more intra-vs inter beta strand contacts within each sheet, allowing for more independent folding of each monomer. The swap forces contacts between residues that are on different protomers, therefore not close in sequence, to be part of the transition state for folding. This leads to increased cooperativity. It may be that the geometry and short length of loop 2 helps to enforce this strand swap by preventing the association of strand β1 with β3, and β1′ with β3′, thus preventing the monomers from forming independently. Immediately following the transition state, as the downhill process initiates, rearrangement of the remaining structural features occurs. Sometimes these pieces pack in the wrong order and require backtracking as they search for the final structure. Interestingly, we observe that the swapped loops are involved in trapping and repacking during backtracking. That is, early formation of contacts in loop 1 and loop 2 result in a trap in folding where it is geometrically difficult for the remainder of contacts to form. In order for the second half of the beta cap domain to finish folding, the cluster binding domain must partially open up, and the swapped loop must break contacts with the cluster-binding domain. Weakening contacts in loop 2 relaxes some of the tightness of the beta cap domain. We see in these simulations that the barrier to folding drops and backtracking in the cluster-binding domain is relieved. This suggests that loop 2 is responsible for frustration in folding and that changes there can translate to the cluster-binding domain. The rop in barrier height is not a result of a decrease in backtracking, both are a result of decreased trapping. Thus, the swapped strands and associated loops contribute to both the nucleation process (transition state) and subsequent backtracking during final packing.
Allosteric Coupling of the Beta Cap Domain and Cluster-Binding Domain. While evolution selects for robust folders, it must do this while conserving and selecting for function. This competition between selection for efficient folders and function can introduce frustration and prevent a landscape from becoming perfectly funneled (35, 36 ). It's been observed that functional regions of many proteins do not aid in folding and may in fact interfere with it. For example, functional loop mutations in WW domain proteins speed up folding at the expense of function, and in some cases they remove the barrier to folding completely (37, 38) . It is possible, then, that frustration in the folding landscape can give us important clues about which structural features are important for function. Previous work done with the beta trefoil family of proteins demonstrated that a functionally important beta bulge was involved in backtracking and responsible for the slow folding of the IL-1B family of proteins (19, 22, 39) . It is possible that in mitoNEET evolution has kept this frustration in loop 2 because this structural feature is functionally important. We observe that rigidity in the beta cap domain forces backtracking of the swapped loop in the cluster binding domain, demonstrating that there is communication between the two domains. The beta cap domain could function as an allosteric control site, modulating cluster insertion, assembly, or electron transfer. It would be interesting to determine experimentally if this element of geometric frustration in loop 2 is linked to functional regulatory properties of mitoNEET.
Conclusion
We used a structure-based model to characterize the folding landscape of mitoNEET. The folding mechanism uncovered in this landscape reveals communication between distal regions of the protein. We see that because of the strand swap, folding and assembly is cooperative and dimerization precedes final folding. The individual monomers cannot independently fold then associate. We partition alternate routes in folding by clustering transition state contact maps. This efficiently separates out duplicate pathways caused by the symmetry of the dimeric system, and it reveals an alternate route late in folding. A careful examination of the folding mechanism reveals a region of frustration in loop 2 at the top of the beta cap domain, and that folding of the beta cap domain is dynamically coupled to the cluster binding domain. Tightness in the beta cap domain creates a constraint for how the rest of the protein folds, which results in backtracking in loop 1 in the cluster-binding domain. We demonstrate that by destabilizing a set of contacts in loop 2 at the top of the beta cap domain, we can relieve backtracking in the cluster-binding domain and drop the barrier to folding by a few kT.
Methods
The contact map gives all possible interactions between a given residue and the other residues in a given structure. Contacts are identified using the Contacts of Structural Units software package (CSU) (40) on the crystal structure of mitoNEET stored in PDB ID 2QH7 (6) . Because of slight asymmetries in the crystal structure, 14 contacts were generated that were not symmetrical between the two monomers. To simplify the model we remove these 14 unsymmetrical contacts. The resulting contact map consisted of 98 intramonomer contacts for each of the two monomers and 132 interface contacts for a total of 324 contacts.
A coarse grained structure-based model is used to represent the protein as described previously (14) . In this model, each residue is represented by its Ca atom, and only interactions present in the contact map (between residues in the native state) are considered. Nonnative interactions are not considered, and so energetic frustration is not included in this model. In our coarse grained folding studies the iron-sulfur cluster is implicitly included in the contacts present between cluster binding residues. Simulations were performed using Version 3.3.3 of the GROMACS software package (41) . The integrator used was stochastic dynamics. The Berendsen algorithm was used with the coupling constant of 2. The time step τ was 0.0005. Each monomer was temperature coupled separately. Simulations were performed at folding temperature. Half of the simulations were started from the folded dimeric conformation, and half were started from unfolded and unbound monomers. A harmonic potential with an offset of 17 Å was applied to the center of mass of each monomer to hold the two monomers together.
We use the fraction of native contacts formed in a given snapshot of the protein as the reaction coordinate. (Q Cα is the fraction of natively interacting residue pairs whose ca atoms are within 1.2 times their native distance.) A contact is formed between Cα atoms I and j if rij < 1.2r 0 ij where r 0 ij is the pair distance in the native state. Q A represents the contacts formed in protomer A, Q A 0 represents contacts formed in protomer A 0 , and Q I represents interface contacts between the two monomers. Q part is calculated as the fraction of contacts formed within a specific subset of contacts at a given value of Q total .
Cluster analysis was performed as follows. All snapshots in the transition state at Q ¼ 0.4 were represented with a contact map. Each representative contact map was internally compared using the logic gate xnor. If two structures had the same native contact formed or the same native contact not formed, a point was added to the similarity score between the two structures. If one structure had a contact formed that the other did not, this was considered dissimilar and no point was added to the score. Higher scores indicate higher similarity between contact maps, and therefore higher similarity between snapshots of the transition state. The highest possible score was 324, one point for each possible contact in the native state. A threshold value of 200 was set, meaning that in order for two structures to be considered similar, they must have 200 out of 324 native contacts in common. Similarity networks were created for different values of Q near the transition state and were visualized using the edge weighted spring embedded layout algorithm in Cytoscape (42, 43) .
All structures were visualized using Pymol.
